1. Introduction {#sec1-sensors-17-01336}
===============

Online water quality monitoring is becoming an essential part of large water distribution systems (WDS) \[[@B1-sensors-17-01336]\] to ensure that contamination through accidental \[[@B2-sensors-17-01336]\] or deliberate means do not affect the consumers. To maintain drinking water quality throughout the water distribution system, water samples are collected and tested in advanced laboratories by highly-skilled personnel \[[@B3-sensors-17-01336]\]. This type of monitoring restricts the sampling frequency, which in turn increases the probability of disease outbreak. Thus, there is an urgent need for real-time online water quality monitoring systems to be installed throughout WDS. Most urban purification plants have real-time monitoring sensors in the upstream of WDS; however, the placement of online water quality monitoring sensors throughout WDS has not yet been feasible, primarily due to the high cost and low reliability of the sensors \[[@B4-sensors-17-01336],[@B5-sensors-17-01336]\]. Additionally, the pressure at which water is supplied to the customer is much higher than the amount that most sensors can tolerate \[[@B6-sensors-17-01336],[@B7-sensors-17-01336]\]. Miniaturized sensors successfully developed in laboratories can provide a reliable measure of contamination in the water. The performance of the sensors has been examined in laminar flow conditions and at an ambient pressure and temperature \[[@B8-sensors-17-01336]\]. Thus, installing micron-size sensors in WDS requires that the flowrate and pressure that will be encountered by the sensors must be low. Primarily, the water velocity through the sensors must be low enough to prevent the flow from becoming turbulent. Additionally, the water extracted from the system for the purpose of monitoring cannot be redirected back into the system. Therefore, the flowrate at which the water is extracted for sampling must be minimized. The pressure and flowrate at different stages of the WDS also change \[[@B6-sensors-17-01336]\]. Thus, it has to be ensured that the changes in the pressure and flowrate in WDS do not affect the flow through the sensors, which must be kept laminar throughout the sampling process.

In this paper, an interface is designed to meet the conditions required for water quality monitoring using sensors developed recently \[[@B8-sensors-17-01336]\]. Previously, a 2D model was developed to optimize the shape of the channel inside the interface so that the changes in the pressure and flowrate can be minimized \[[@B9-sensors-17-01336]\]. This initial interface was fabricated by machining two polymethyl methacrylate \[[@B8-sensors-17-01336]\] plates attached with screws ([Figure A1](#sensors-17-01336-f006){ref-type="fig"}d). This involved an expensive process of machining, costing more than \$300 USD (including the material and fittings) for one interface, which is not a sustainable long-term solution for monitoring numerous nodes in WDS. In addition to the cost, there were two other issues: (i) hermetic sealing was not ensured between the plates; and (ii) for each sensor replacement, the whole interface had to be taken apart, making the long-term maintenance of the device cumbersome. For addressing these issues, here we present a 3D printing approach for the fabrication of the interface. Recently, a variety of 3D printing technologies have been widely used to fabricate components and devices for applications in biochemical sciences \[[@B10-sensors-17-01336]\], microfluidics \[[@B11-sensors-17-01336]\], and biomedical engineering \[[@B12-sensors-17-01336]\] using stereo-lithography \[[@B13-sensors-17-01336],[@B14-sensors-17-01336],[@B15-sensors-17-01336]\], multijet/polyjet modeling \[[@B16-sensors-17-01336]\], and extrusion-based 3D printing technologies (such as material extrusion or fused deposition modeling (FDM)) \[[@B17-sensors-17-01336],[@B18-sensors-17-01336]\]. For example, in biochemical sciences, 3D printing has been used to print organs (e.g., bionic ear, microvascular formation \[[@B10-sensors-17-01336]\]). A mold, used to cast bony in-growth surfaces of the Co-Cr (ASTM F75) alloy, has also been fabricated using 3D printing \[[@B12-sensors-17-01336]\]. Au et al. \[[@B13-sensors-17-01336]\] showed how to 3D print a device for the automated routing, dispensing, mixing, and/or separation of fluids through microchannels using stereo-lithography. A smartphone-based flurometer has also been developed using a 3D printed micro-fluidic chip \[[@B19-sensors-17-01336]\]. Following the high applicability of the 3D printing, the performance of 3D printers/printing processes has also been evaluated in different studies \[[@B20-sensors-17-01336],[@B21-sensors-17-01336]\]. A lot of effort has focused on the optimization of 3D printing process parameters \[[@B22-sensors-17-01336]\]. Salmone et al. \[[@B23-sensors-17-01336]\] showed how to prevent errors in the design phase with the help of additive manufacturing for an environmental monitoring system consisting of the air temperature, relative humidity, air velocity, luminance, and CO~2~ concentration. The housing of the sensor was created by 3D printing \[[@B23-sensors-17-01336]\].

The conventional fabrication of an interface involves machining an open serpentine channel and grooves in a methacrelyte plate and sealing it with the help of another plate with a gasket in between them ([Figure A1](#sensors-17-01336-f006){ref-type="fig"}d). This approach has several problems: (i) the cost is high; (ii) it is impossible to ensure sealing between the plates; (iii) the whole interface has to be dismantled to change the sensors; and (iv) the flowrate through the interface is very high. In order to solve these issues, a few other approaches were taken ([Figure A1](#sensors-17-01336-f006){ref-type="fig"}a--c). The last prototype shown was used for this study. For this prototype, the cost is considerably lower compared to other designs. The serpentine channel is inside a single block, which eliminates the hermetic sealing issue. The design is modular in the sense that if a single sensor is required to be replaced, there is no need to open up the entire device. The flow rate for a 450 kPa pressure difference was reduced from 200 mL/min to 30 mL/min. To show the applicability of the 3D printed interface, two miniaturized sensors developed for the measurement of pH and conductivity \[[@B8-sensors-17-01336]\] are integrated into the device. The performance of the entire integrated system is tested for different flow rates and temperatures.

There are different types of pH sensors \[[@B3-sensors-17-01336]\]. The pH sensor embedded in the interface is a hydrogel-based pH sensor \[[@B8-sensors-17-01336]\]. As the pH of the water changes, the hydrogel layer on the sensor swells/de-swells, resulting in a change in the electrical properties (conductivity and capacitance) of the hydrogel. The pH of the water can also decrease (increase) as the temperature increases (or decreases), without any change in the level of acidity (alkalinity) of the water \[[@B24-sensors-17-01336]\]. Apart from the change in the actual pH value, which is very low for the temperature range studied here (5--20 °C), the change in the temperature has other effects, such as changing the resistance of the hydrogel layer \[[@B24-sensors-17-01336]\]. Thus, it is essential to calibrate the sensor response at different temperatures, as is done for commercially-available pH sensors \[[@B25-sensors-17-01336]\].

The functioning of the conductivity sensor embedded in the 3D printed interface is based upon two interdigitated electrodes \[[@B8-sensors-17-01336]\]. The effect of the change of temperature on the response of the conductivity sensor is also studied here. In essence, for a low concentration of solids, the conductivity of the solution increases with the increase of temperature \[[@B26-sensors-17-01336]\]. Thus, the conductance of different samples of water measured at different temperatures cannot be compared if the conductance is not adjusted to a fixed temperature. A temperature co-efficient is usually used to adjust the conductance \[[@B27-sensors-17-01336]\]. The temperature coefficient of conductance is not constant and the factors governing the change of the coefficient are complex. For instance, the coefficient changes with different electrolytes, and with different concentrations and mixtures of electrolytes, and with temperature. The temperature compensation or adjustment can be linear or non-linear, and it can be performed manually or automatically with a processor implemented within the sensor \[[@B28-sensors-17-01336]\]. However, automatic temperature compensation cannot be very accurate as the conductivity also depends on electrolytes.

The paper is organized as follows: first, the design and fabrication of the interface is elaborated. Then, the experimental setup in which the interface and two types of embedded micro-sensors are attached to a temperature control unit is presented. This is followed by a Theory section, illustrating the relationship between temperature and pH and temperature and conductivity. Finally, with the use of the integrated 3D printed system, the performance of the sensors is evaluated for different temperatures and flowrates. The experimental results are compared against the theoretical values. This comparison is used to compensate for the effect of the temperature on the response of these sensors.

2. Interface Fabrication and Testing {#sec2-sensors-17-01336}
====================================

A 2D model \[[@B29-sensors-17-01336]\] was used to simulate the interface. COMSOL multi-physics software was used for modeling and simulation purposes (see [Figure 1](#sensors-17-01336-f001){ref-type="fig"}a) \[[@B8-sensors-17-01336]\]. In a recent study, the sensors were tested at different flowrates (as high as 30 mL/min) and the inlet pressure of 450 kPa (presenting the maximum pressure at WDS) \[[@B8-sensors-17-01336]\]. In the previous study \[[@B8-sensors-17-01336]\], such an interface was machined out of Polymethyl methacrylate, which resulted in several issues related to leakage and cost. To overcome these, 3D printing technology was used to reduce the cost, eliminate the leakage problem, and reduce the fabrication time. For this purpose, two different approaches were tested to find the optimum design and process. [Figure A1](#sensors-17-01336-f006){ref-type="fig"}a,b shows the first trial with the purpose of integrating the sensors into the interface during the printing process. In essence, the printing process was stopped in the middle of interface printing to insert the sensors. Since the prototype was printed on top of a heated plate, stopping the process to insert the sensors caused the printed structure to cool down, resulting in misalignment after the printing process was started again. Moreover, once the sensors were assembled into the device, it was not possible to replace them (in case of sensor failure), in which case the interface had to be discarded. Therefore, a new modular interface was designed and fabricated (see [Figure 1](#sensors-17-01336-f001){ref-type="fig"}b,c).

A commercially available desktop 3D design printer (Mojo 3D Printer, TRIMECH, Glen Allen, VA, USA) was used. The printer uses FDM^®^ (Fused Deposition Modeling™) technology developed by Stratasys Inc. (Eden Prairie, MN, USA). Specifically, the printer has a 12.7 cm^3^ working stage with a deposition layer thickness of 0.17 mm and 2D spatial resolution of 0.07 mm. For the model presented here, a P430 ABSplus (ivory) Mojo QuickPack Print Engine \[[@B30-sensors-17-01336]\] was used. For the void space inside the structure, a support material was used. This material was removed by dissolving it with a proprietary solvent provided with the printer (Soluble Support Technology was used to dissolve the support material in a water-based solution). The completed model along with the supporting material was placed in the WaveWash 55 Support Cleaning System (Stratasys Inc., Eden Prairie, MN, USA) along with an Ecoworks tablet (Stratasys Inc., Eden Prairie, MN, USA) and DI Water. The washing unit maintains the right solution temperature and agitation for efficient support removal, with no requirement for additional plumbing. The whole body of the 3D printed part did not have any infill as the structure was very thin (2 mm). The target of not using infill was to ensure that water does not leak through the top or bottom of the interface. The orientations of the 3D printed parts are as shown in [Figure A1](#sensors-17-01336-f006){ref-type="fig"}c. The orientation of the removable module is shown in the exploded view. These orientations were selected to minimize the amount of support material. The final fabrication time was about 4 h, followed by 12 h of washing to remove the support material. The serpentine channel with a very narrow cross sectional area (1 mm × 1 mm) required additional time for cleaning (more than 6 h recommended). Extra efforts were spent on removing the support material from the serpentine channel. The prototype was submerged into the solution for dissolving the support material overnight. Then, the solution was pushed through the serpentine channel with the help of a syringe. The solution was taken out by the syringe after a few minutes. The process of cleaning the serpentine channel interface was repeated until the flow through the interface was achieved. The approximate cost of fabrication by the printer used was around \$50 CAD. The time taken for post processing was long (approximately 15 h). However, the presence of an individual was only required during the cleaning of the serpentine channel. Cleaning the serpentine channel required about 3 h, which adds to the cost of fabrication.

3. Experimental Setup {#sec3-sensors-17-01336}
=====================

The pH and conductivity sensors were successfully integrated into the interface (see [Figure 1](#sensors-17-01336-f001){ref-type="fig"}d). The interface can provide an appropriate flowrate at any pressure ranging from 50 to 450 kPa. [Figure A2](#sensors-17-01336-f007){ref-type="fig"} shows the experimental setup. The water sample is kept inside a syringe and a coil of plastic tube attached to the syringe. The coil of the plastic tube is kept in the water bath and the other end of the coil is attached to the inlet of the interface. The water from the outlet of the interface is collected into a beaker. The experiments were conducted in three steps: (a) modeling and fabrication of the pressure reducing interface, (b) testing the sensors under static and dynamic conditions, and (c) testing of the sensors at varying temperatures.

The design for the pressure reducing interface was conceptualized and simulated using COMSOL Multi Physics 3.4 (as explained in [Section 2](#sec2-sensors-17-01336){ref-type="sec"}). The final design of the prototype and the necessary adaptors to fix the sensors in their respective positions in the interface was created using SolidWorks2010 (Waltham, MA, USA) (see [Figure 1](#sensors-17-01336-f001){ref-type="fig"}b). Three of the four slots of the sensors were used to house three pH or conductivity sensors (for replication) and the fourth slot held the temperature senor. The interface is responsible for the reduction of the water pressure to a level suitable for the sensors, while allowing the continuous exposure of the sensors to water of the WDS. This integrated system can hence be integrated directly into the pipelines in the water distribution system (WDS). The very low exit flowrate also ensures negligible water bleeding from the pipeline, reducing chances of contamination and/or pressure loss in the distribution system.

Once the sensors were successfully incorporated into the interface, they were tested under both dynamic and static conditions. A series of static experiments were conducted while the sensors were independently immersed in a beaker (50 mL), as well as integrated into the printed interface. For both cases, the water sample and sensors (placed either in the beaker or interface) were immersed in the water bath. No significant difference was observed among the two sets of static measurements. For testing the interface and the sensors under the dynamic condition, the system was connected to a syringe pump (KDS LEGAT0270, manufacturer: kdScientific, Holliston, MA, USA) using a coil of long polyurethane tubing (ID and OD 4.65 mm and 6.3 mm, respectively). The syringe pump was able to supply water at a maximum flowrate of 30 mL/min. This flowrate is almost equal to the simulated flowrate obtained from the model (see [Figure 1](#sensors-17-01336-f001){ref-type="fig"}a). The coil was immersed in a digitally controlled water bath (NesLaB RTE 7, Thermo Scientific, Mississauga, ON, Canada). Finally, the outlet water was collected in a beaker to test for any change in the characteristics of the water inside the interface (see [Figure A2](#sensors-17-01336-f007){ref-type="fig"}).

In addition to the change in the flowrate (static versus dynamic), the integrated system (including the interface and sensors) was tested at different temperatures (5 °C, 10 °C, 20 °C). To ensure that the temperature set for the water bath was the actual temperature of the water sample that the sensors were exposed to, a miniaturized thermistor (calibrated for a wide range of temperatures) was also integrated in the 3D printed interface. The readings from the thermistor and the water bath were consistent, except for the lowest temperature range and dynamic condition. Therefore, for all the temperatures reported in the results, the readings from the thermistor were used.

To examine the performance of the integrated system, the sensors were tested against a wide range of pH and conductivity values. For this purpose, known standard buffer solutions of pH 6.4, 7, 8, and 9 were prepared using buffer capsules (pHydrion Buffers manufactured by Micro Essential (Brooklyn, NY, USA). Water samples at different conductivities were prepared by dissolving varying amounts of calcium chloride (CaCl~2~) (analytical grade by Sigma Aldrich, Oakville, ON, Canada) in DI water. The sensors were connected to a potentiostat (Versa STAT 4 by Princeton Applied Research, Oak Ridge, TN, USA) to obtain the response of the sensors. Each experiment was repeated three times to ensure the reproducibility of the measurements.

4. Theory {#sec4-sensors-17-01336}
=========

It is evident from the literature that the conductivity or the pH \[[@B31-sensors-17-01336]\] of water changes with the change of temperature. The conductivity measurements obtained at temperatures other than 18 °C are corrected by using a temperature coefficient, which compensates for the change of conductance per each degree of temperature change. This coefficient is frequently considered as $c$ = 0.02, i.e., approximately 2% per each degree of temperature change in the case of dilute aqueous solutions \[[@B26-sensors-17-01336]\]. More recently, $c$ = 0.025 \[[@B26-sensors-17-01336]\] was used by aquatic biologists for temperature adjustments using the following relation: $$K_{18} = \frac{1000000}{R_{t}\left\lbrack {1 + c\left( {t - 18} \right)} \right\rbrack}$$ where, $K_{18}$ represents conductance (µS) at 18 °C, $t$ is the temperature at which the measurement is obtained, $R_{t}$ presents the resistance at the temperature $t$, and $c\ $ epresents the temperature coefficient. If $K_{18}$ can be represented in terms of resistance, one can express the temperature coefficient ($c$) by the following equation: $$c = \frac{R_{18} - R_{t}}{R_{t}\left( {t - 18} \right)}$$

This coefficient, which compensates for the change in pH with the change of temperature, is called the solution temperature coefficient (pH/°C): if a solution has a temperature coefficient of −0.045 pH/°C, it means that the pH reduces by 0.045 units for every degree increase in temperature. The coefficient, in most cases, has to be determined empirically \[[@B24-sensors-17-01336]\].

5. Results {#sec5-sensors-17-01336}
==========

[Figure A3](#sensors-17-01336-f008){ref-type="fig"} shows the calibration curve for the pH sensor implemented in the 3D printed interface. The calibration curve was used to calculate the pH values from the response (kΩ) of the sensor measured at the static condition. Based on the calibration curve, the pH values were determined from the sensor response measured at different temperatures (but still at the static condition). [Figure A4](#sensors-17-01336-f009){ref-type="fig"}a presents the experimental pH values compared against the theoretical values obtained based on the linear relationship between pH and temperature (pH value reduces 0.035 units for 1 °C increase in temperature). The results show a great agreement between the experimental pH values (measured at different temperatures and the static condition) and theoretical values. The results presented include the average and standard deviation between the three replications conducted. Since the errors are very small, they are not apparent in the figure. In summary, we can conclude that temperature has a considerable effect on the response of the sensor.

To study the effect of the flowrate on the response of the sensor, the same experiments were repeated for the dynamic condition at three flowrates (10, 20, 30 mL/min). [Figure A5](#sensors-17-01336-f010){ref-type="fig"}b--d shows the changes in the pH values as a function of the temperature for different flowrates. It is apparent that regardless of the flowrate, the linear relationship between temperature and pH is still valid (for example, the average slope of temperate vs. measured pH is −0.037 ± 0.0014 for the flowrates of 10, 20, and 30 mL/min). Thus, the response of the sensor can readily be compensated for to remove the effect of temperature and report the pH value at the room temperature. The relationship used for such a compensation is as follows: ${pH}_{c} = {pH}_{m}\left\lbrack {1 + 0.0039\left( {t - 20} \right)} \right\rbrack$, where ${pH}_{m}$ and ${pH}_{c}$ represent the measured pH at temperature t and the compensated pH at 20 °C, respectively. This relationship was applied to the results presented in [Figure A5](#sensors-17-01336-f010){ref-type="fig"} to find the compensated value of pH at different flowrates, as shown in [Figure 2](#sensors-17-01336-f002){ref-type="fig"}a--d. The deviation from the flat line in these figures shows the error of the sensor, which is less than ±0.15.

The results in [Figure A5](#sensors-17-01336-f010){ref-type="fig"} also suggest a minimal effect of the flowrate on the response of the pH sensors. To further investigate this suggestion, the pH results measured at different temperatures (i.e., 5, 10, and 20 °C) and different flowrates are presented against the theoretical value (obtained at the static condition). The "unity line" is used to show the deviation of the measured values (at different flowrates) from the theoretical values (estimated at different temperatures, but the static condition). Thus, the closer the points to the unity line, the lower the effect of the parameter studied here (i.e., flowrate). Based on the results presented in [Figure 3](#sensors-17-01336-f003){ref-type="fig"}a--d, it is safe to conclude that the effect of the flowrate on the response of the pH sensor is minimal, even at the different pH ranges studied here (i.e., 6.4, 7, 8, 9). In fact, the maximum deviation from the theoretical value is 1.4%, which is in the range of the accuracy of the pH sensor developed here \[[@B8-sensors-17-01336]\].

[Figure A6](#sensors-17-01336-f011){ref-type="fig"} shows the calibration curve for the conductivity sensor implemented in the 3D printed interface. The calibration curve was used to calculate the conductivity values from the response (kΩ) of the sensor measured at the static condition. The response of the sensor for the high conductivity solutions is enlarged, as it is very low compared to the response obtained for the low conductivity solutions. Based on the calibration curve, the conductivity values were then determined from the sensor's response measured at different temperatures (but still at the static condition) and compared against the theoretical values (see [Figure A7](#sensors-17-01336-f012){ref-type="fig"}). The results presented in [Figure A7](#sensors-17-01336-f012){ref-type="fig"} include the average and standard deviation between the three replications conducted at the static condition for different temperatures. Since the errors are very small, they are not apparent in the figure. It is evident from the figure that the measured conductivity value increases (or the sensor response decreases) by increasing the temperature of a solution of a known conductivity. The increase in the conductivity values is in the range of 1.5% to 2% for every degree centigrade temperature increase. This is in agreement with the theoretical values (see the coefficient $c$ in [Section 4](#sec4-sensors-17-01336){ref-type="sec"}).

To study the effect of the flowrates on the response of the conductivity sensor, the same experiments were repeated for the dynamic condition at three flowrates (10, 20, and 30 mL/min). [Figure A8](#sensors-17-01336-f013){ref-type="fig"}b--d show the changes in the conductivity values as a function of the temperature for different flowrates. It is apparent that regardless of the flowrate, the linear increasing trend between the temperature and conductivity is still valid. However, the average slopes of the conductivity-vs-temperature curves for all the conductivity values (4, 50, 240, 460 µS/cm) are smaller than those measured in the static conditions (i.e., the average slopes for the conductivity-vs-temperature curves for all the flowrates at 4, 50, 240, 460 µS/cm are 0.241 ± 0.038, 0.0668 ± 0.0.0468, 1.448 ± 0.241, and 6.948 ± 1.031, respectively). These average slopes correspond to the coefficients of $c$ of 0.7%, 1.0%, 1.2%, and 1.5%, respectively, which are smaller than the theoretical value mentioned in the Theory Section. Similar to pH, a compensation relationship for conductivity is added to the measured responses to obtain the comparable conductivity values at 20 °C. The relationship used for such a compensation is as follows: $k_{c} = k_{m} - 0.000375 \times \left( {t - 20} \right)k_{m}^{2}$, where $k_{m}$ and $k_{c}$ are the measured conductivity at temperature t and the the compensated conductivity at 20 °C, respectively. This relationship was applied to the results presented in [Figure A8](#sensors-17-01336-f013){ref-type="fig"} to find the compensated values of conductivity at different flowrates, as shown in [Figure 4](#sensors-17-01336-f004){ref-type="fig"}a--d. The deviation from the flat line shows the error of the sensor. For low conductivity solutions, the error is minimal (less than 3.5%). However, the compensated conductivity values deviate considerably (18%) from the flat line for the largest highest conductivity range tested here (i.e., 460 µS/cm).

To investigate the effect of the flowrates on the response of the conductivity sensor, the "unity line" approach (similar to the pH results) is used to show the deviation of the measured values (at different flowrates) from the theoretical values (estimated at different temperatures, but the static condition). In essence, the closer the points to the unity line, the lower the effect of the parameter studied here (i.e., flowrate). Based on the results presented in [Figure 5](#sensors-17-01336-f005){ref-type="fig"}a--d, it is safe to conclude that the effect of the flowrate on the response of the pH sensor is minimal for most of the conductivity values and flowrates, expect for the measurements at low conductivity and high flowrates (4 µS/cm and 30 mL/min, respectively).

6. Conclusions {#sec6-sensors-17-01336}
==============

An interface was fabricated using 3D printing technology to reduce the pressure of the water mains so that the micro-sensors developed here can be used for online water quality monitoring. Based on different 3D printing procedures, the optimum geometry and approach were identified to fabricate a modular structure, allowing for integrating each of the sensors with appropriate adaptors. Such a modular arrangement allows for the independent handling and replacement of each sensor, without hampering the functionality of the other components. The performance of the system was tested by integrating the pH and conductivity sensors and testing at different temperatures and flowrates. Commercial sensors use a specific temperature correction method to compensate for the fluctuation in the system's reading. For this purpose, a temperature sensor was also integrated to simultaneously measure the temperature, along with the pH and conductivity. The response of the sensors in such an interface was compared to the theoretical values. The results show that the reading from the pH sensors matches the theoretical values for all the ranges of flowrates and temperatures tested here. The same conclusion was obtained for the response of the conductivity sensor for the majority of the conditions, except for low conductivity (4 µS/cm) and a high flowrate (30 mL/min). Similar to commercially available sensors, compensation factors were implemented to eliminate the effect of temperature on the readings of the sensors. The results show that temperature has a minimal effect on the readings of both types of sensors, expect for samples with very high conductivity (460 µS/cm).
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(**a**) Design of the interface; (**b**) Fabrication of the interface using a 3D printer; in this approach, the part was printed on a hop plate and stopped for inserting sensors; (**c**) Dimensions of final 3D print design for reproduction; and (**d**) design of first prototype. Using two polymethyl methacrylate plates with channels machined into it.
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![Effect of temperature on the response of the pH sensor compared to the theoretical values (both experimental and theoretical values were obtained at the static condition).](sensors-17-01336-g009){#sensors-17-01336-f009}

![Effect of temperature on the response of the sensors for different pH solution at the flowrates of (**a**) 0 mL/min; (**b**) 10 mL/min; (**c**) 20 mL/min; and (**d**) 30 mL/min.](sensors-17-01336-g010){#sensors-17-01336-f010}

![Calibration curve for the conductivity sensor. The inset shows the response of the sensors at high conductivity.](sensors-17-01336-g011){#sensors-17-01336-f011}

![Effect of temperature on the response of the conductivity sensor compared to the theoretical values (both experimental and theoretical values were obtained at the static condition).](sensors-17-01336-g012){#sensors-17-01336-f012}

![Effect of temperature on the response of the conductivity sensor for different conductivity solutions at the flowrates of (**a**) 0 mL/min; (**b**) 10 mL/min; (**c**) 20 mL/min; and (**d**) 30 mL/min.](sensors-17-01336-g013){#sensors-17-01336-f013}

![Fabrication of the interface using 3D. (**a**) Comsol simulation of the interface; (**b**) CAD model of the interface; (**c**) fabricated interface; and (**d**) pH sensor fitted into the interface.](sensors-17-01336-g001){#sensors-17-01336-f001}

![The measured pH after adding the compensation factor (a function of measured pH and temperature) at flowrate (**a**) 0 mL/min; (**b**) 10 mL/min; (**c**) 20 mL/min; and (**d**) 30 mL/min.](sensors-17-01336-g002){#sensors-17-01336-f002}

![Effect of the flowrate on the response of the sensor measured at different temperatures and dynamic condition. The curves illustrate the deviation from the theoretical pH values (using the "unity line") for different pH ranges of (**a**) 6.4; (**b**) 7; (**c**) 8; and (**d**) 9.](sensors-17-01336-g003){#sensors-17-01336-f003}

![The measured conductivity after adding the compensation factor (a function of measured conductivity and temperature) for different conductivity solutions at flowrates of (**a**) 0 mL/min; (**b**) 10 mL/min; (**c**) 20 mL/min; and (**d**) 30 mL/min.](sensors-17-01336-g004){#sensors-17-01336-f004}

![Effect of temperature on the response of the conductivity sensor for different conductivity solutions at flowrates of (**a**) 0 mL/min; (**b**) 10 mL/min; (**c**) 20 mL/min; and (**d**) 30 mL/min.](sensors-17-01336-g005){#sensors-17-01336-f005}
